Abstract Odours caused by volatile organic sulphides (VOS) have a history spanning over 20 years for Philadelphia's Northeast Water Pollution Control Plant (NEWPCP). A "canned corn" type of odour has caused residential complaints. Traditional odour control approaches based on hydrogen sulphide failed. This study confirmed that dimethyl sulphoxide (DMSO) from a chemical facility was the dominant cause of the "canned corn" nuisance odour in the form of dimethyl sulphide (DMS). During a discharge, DMSO concentrations up to 12 mg/L were found in the influent of the NEWPCP. Each DMSO concentration peak induced a DMS peak. DMS concentrations increased from less than 50 mg/L to 6 mg/L with a corresponding decrease in DMSO. Approximately 79% of DMSO from the primary sedimentation influent was passed to the effluent, and to downstream processes, such as the aeration tanks where the DMS was volatilised by the aeration. The DMS partial pressure in ambient air of NEWPCP can be between 0.03 and 0.18 £ 10 23 atm during a DMSO discharge. From the above information, the potential of VOS production is estimated and a practical plan for remediation can be designed.
Introduction
Odours from wastewater treatment plants have attracted public attention because of the increasing awareness of environmental pollution and the offensive smell of the odorants. Minimising odour emissions from wastewater treatment processes is becoming one of the most significant challenges to the wastewater industry (Koe et al., 2004) . The Northeast Water Pollution Control Plant (NEWPCP) in Philadelphia is the second largest wastewater treatment facility in Pennsylvania. It treats a wide range of municipal and industrial wastes at an average rate of 210 MGD (796 £ 10 6 L/day). NEWPCP has had odour nuisance problems for two decades and the Philadelphia Water Department (PWD) has been actively working on odour control. One major nuisance was a "canned corn" odour (Burlingame, 1999) . This "canned corn" odour was further identified as caused by volatile organic sulphide (VOS), most probably dimethyl sulphide (DMS), by an odour assessment team and plant engineers Porter et al., 2004) . Significant operating funds have been spent each year for adding permanganate to the return activated sludge (RAS) with a desire to minimise the offensive odour. In addition, other control strategies have been implemented, including covering portions of processes and making process changes in the aeration tanks. However, the "canned corn" odour still, periodically, annoys the residential neighbours of the NEWPCP plant. Obviously, a detailed study was needed to find the formation/cause of the odour before a more effective remedy could be implemented. The reported mechanisms for the formation of VOS odours in aquatic environments are (1) methylation of H 2 S (e.g. Bak et al., 1992) , (2) microbial decomposition of sulphurcontaining proteins (e.g. Oho et al., 2000) and (3) chemical/biological degradation of biochemical precursors (e.g. Ginzburg et al., 1998; Bentley and Chasteen, 2004 ). An initial investigation indicated that VOS formation in NEWPCP was not necessarily associated with the wastewater sulphide concentration, and analysis of sulphur-containing amino acids showed that they were unlikely to cause offensive odours in the NEWPCP (Porter et al., 2004) . A further study conducted by PWD demonstrated that methylation of hydrogen sulphide alone could not explain the offensive VOS odour, and VOS (90% as DMS when the VOS level was higher than the background) production was strongly related to characteristics of the incoming wastewater. Therefore, a VOS precursor existed in the incoming wastewater to the NEWPCP which, in fact, was confirmed to be dimethyl sulphoxide (DMSO) as suggested by Glindemann et al. (2006) . Subsequently, the PWD found that a significant amount of DMSO has been discharged from a local chemical facility on a regular basis for over 20 years. DMSO has been recognised as a potential pollutant in waste water in recent years because of increasing use of this solvent (Park et al., 2001; Lee et al., 2004) . Since the redox potential favours DMSO reduction before nitrate/nitrite reduction (Wood, 1981) , DMSO from the discharge can be rapidly reduced/decomposed within NEWPCP to form the nuisance VOS odour, which is the "canned corn" odour in description and the result of DMS (e.g. Drotar et al., 1987) .
The purpose of this study was to validate the cause for the VOS odour suggested above and quantitatively document the extent of DMSO input to NEWPCP and VOS production (Cheng et al., 2005) . Information obtained from this study is expected to reveal how VOS odour will be produced in the NEWPCP during a routine DMSO discharge from the chemical facility and the levels of DMS that form in the various unit processes.
Materials and methods
The NEWPCP is a conventional, secondary wastewater treatment plant that treats both domestic and industrial wastewater for Philadelphia. Incoming wastewater passes through screening and grit removal basins before entering the primary sedimentation tanks, then through the biological aeration tanks followed by final sedimentation for return activated sludge (RAS), and ending with a chlorinated discharge to the Delaware estuary. Samples were collected to represent what was occurring from the industrial discharge and in the NEWPCP treatment units. Samples were collected in the order of treatment processes. A programmable liquid (ISCO Inc., Lincoln, Nebraska, USA) sampler capable of operating in a hostile environment was used to collect the samples from the discharge of the chemical facility to the sewer and the influent to the NEWPCP during each DMSO discharge cycle on 16, 18, 20 August and 3 September 2004. These samples were collected at one-hour intervals from the plant discharge and 1.5 hours from the NEWPCP influent. Grab samples were collected during all the other discharge events and at other locations. Grab samples were collected at 1.5-hour intervals, except RAS samples that were collected at two-hour intervals. Samples that were collected when sampling was not carried our with an ISCO sampler were collected at six-hour intervals. All samples were placed immediately in a cooler containing ice and transported to the laboratory for chemical analysis. No preservatives were added to the samples. Sodium permanganate was added to the RAS flow stream on 3 September to simulate the treatment operation with the addition of an oxidant.
Instrumentation and analytical methods were described previously (Cheng and Peterkin, 2007; Cheng et al., 2007) . Briefly, a gas chromatograph (Agilent 6890A compounds. Samples for VOS and VOC analyses were loaded in the autosampler in 40-mL vials. Samples for DMSO analysis were first purged with nitrogen to remove VOS. SnCl 2 ·H 2 O was then added to reduce DMSO to DMS at 98 8C. Perdeuterated DMSO (DMSO-d 6 ) was added as the internal standard. The DMSO content was determined by the ratio of DMS-d 6 /DMS evolved after SnCl 2 reduction.
Results and discussion

Identification of DMSO source
The DMSO source in the city of Philadelphia was confirmed according to previous predictions (Glindemann et al., 2006; Cheng and Peterkin, 2007) . A monthly monitoring programme was conducted between March and July 2004 to track DMSO at each of Philadelphia's three water pollution control plants. Results indicated that only the NEWPCP had detectable DMSO (Cheng and Peterkin, 2007) . The monitoring then focused on the NEWPCP before the targeted chemical facility discharged DMSO. The results are listed in Table 1 . The study found that background levels of DMS were below 50 mg/L and that DMSO was non-detectable when it was not being discharged to the sewer by the industrial source targeted. However, while the chemical facility was discharging DMSO, the DMSO concentration in the NEWPCP increased immediately following the discharge (Figure 1a and b) . The highest DMSO concentrations of 5035 and 6912 mg/L were found in the discharge on 16 August and 3 September 2004. Each DMSO discharge from the chemical facility induced a DMSO concentration peak in the individual process streams within the NEWPCP (Figure 1a -e) . The increase of the DMSO concentration in the influent of the NEWPCP was proportional with the increase in the facility's discharge. These results demonstrated that the targeted chemical facility was the source of DMSO to NEWPCP.
VOS odour formation and the relationship between DMSO input and DMS odour production DMS constituted over 90% of the VOS when DMSO appeared in the NEWPCP. Figure 1 shows how DMS concentrations increased sharply from the background level following the input of DMSO to the NEWPCP, and that each DMSO concentration peak induced a DMS peak in the individual process streams. Concentrations of DMS normally increase in order of the treatment processes from primary sedimentation influent (PI), primary sedimentation effluent (PE) and aeration tanks effluent (AT) to RAS, except when sodium permanganate was added (which affected the September samples). Corresponding to DMS production, the peak concentration of DMSO decreased from 9.4 mg/L in PI to 7.4, 3.2 and 2.3 mg/L in PE, AT and RAS, respectively. This result, therefore, highly suggests that the mechanism of DMS odour production was the reduction of DMSO within the treatment processes. It also demonstrates the processes of DMS odour production and accumulation during wastewater treatment, when DMSO was being discharged from the chemical facility to the NEWPCP. Since DMSO is not volatile, the amount of DMS produced can be estimated as 2.0, 4.2 and 0.9 mg/L in the primary sedimentation tank (PST), AT and RAS, respectively, with the assumption that all the reduced DMSO was converted to DMS. Comparing the calculated with the analysed results (Figure 1b-e) , it can be found that at least , 1.6 and 3.5 mg/L of DMS will be emitted to the air from PST and AT, respectively. Statistical analyses of the relationship between DMSO and DMS (Table 2 ) further indicate the process of DMS production from the DMSO discharge to the NEWPCP. Figure 1c and d show a strong relationship between DMSO input and DMS production in the PE and AT. The high r-values in the PE and AT indicate that both are principal locations where rapid reduction of DMSO to DMS occurred (Table 2 ). Significant but relatively lower regression coefficients (r) values were found for the PI and RAS. The low r-value for PI implies that although the reduction of DMSO to DMS occurred during the transportation of the discharge to the NEWPCP's influent, the dynamic conditions (hydraulics and dilution from other wastewater sources) during the transportation weaken this relationship. A large proportion of DMSO would be consumed in previous treatment processes before the wastewater reaches the RAS. In addition, there was a high carryover of DMS from previous treatment units to the RAS. Therefore, we cannot expect a strong relationship between DMSO and DMS in the RAS. The highest concentration of DMS was always found in RAS, when there was no permanganate added.
DMS odour occurrence and odour production potential
Figure 1a -e shows results for DMS and DMSO throughout the treatment plant by data set number accounting for the travel time from location to location of sampling, so that the figures visually line up. However, on 16 August, the DMSO discharge started between 11:00 and 12:00 and a DMS peak in the NEWPCP treatment unit did not appear until 12:30 to 14:30. On 18 August, the DMSO discharge started between 12:50 and 13:30 and a DMS peak did not show up in the NEWPCP until at about 14:50. The estimated travel time to the NEWPCP was, therefore, between 1.5 to 2 hours. DMSO concentrations decreased during the transportation to the NEWPCP because of dilution/decomposition, which reduced the impact to the wastewater treatment plant. Obviously, it varied with weather conditions and the characteristics of the wastewater that diluted the discharge.
Approximately 79% of the DMSO from the primary sedimentation influent (PI) was conveyed to the primary sedimentation effluent (PE), where it was conveyed downstream to experience biogeochemical reactions in the aeration tanks. From PE to RAS, approximately 70% of the DMSO was consumed. Since DMSO is relatively non-volatile, the lost amount must have been reduced/decomposed in the treatment process, which constituted the potential for the formation of the "canned corn" DMS odour in the NEWPCP.
The maximum concentrations of DMS on different days associated with the DMSO discharges varied from 1000 to 6000 mg/L in the NEWPCP. Taking from a recent publication of Henry's Law constants, 4.8 £ 10
21
(M/atm) (De Bruyn et al., 1995) , DMS atm. The high concentrations of DMS either in the air or wastewater warranted the formation of the "canned corn" -like odour. As expected from this study, the DMS "canned corn" odour was detected during these studies.
The contribution of sulphide methylation from other VOS compounds It became quite clear from the present study that the mechanism of VOS odour production in the NEWPCP was the biogeochemical reduction of DMSO to DMS (Drotar et al., 1987; Hansen, 1999) . Conventionally, however, VOS odour control has been based on the mechanism of hydrogen sulphide methylation. The authors analysed 84 volatile organic compounds using USEPA method 624 (USEPA, 2006) . A possible but weak relationship between DMS and styrene was found at the PE (r ¼ 0.36, n ¼ 32). Styrene is an aromatic hydrocarbon (C 8 H 8 ) with a penetrating odour. It is relatively volatile. A high concentration of styrene (up to 5,000 mg/L) was found in the DMSO discharge from the chemical facility. However, the concentration of styrene was normally less than 25 mg/L in the NEWPCP and it was less than 100 mg/L in the NEWPCP during the discharge of DMSO from the targeted chemical facility. Therefore, it should not have made a significant contribution to the VOS odour in the NEWPCP. The relationship between DMS and styrene concentrations came from the associated discharge of styrene with DMSO from the chemical facility rather than the contribution of styrene to DMS formation. A weak relationship between DMS and acetone was found at the PE (r ¼ 0.29, n ¼ 32). This could indicate a potential contribution to DMS production. However, this relationship should have been largely overwhelmed by the DMSO-to-DMS conversion in NEWPCP. Concentrations of CS 2 and dimethyl disulphide (DMDS) were non-detectable in the discharge of the chemical facility and the NEWPCP. A close relationship between MT (methanethiol) and DMS was found in RAS (r ¼ 0.69, n ¼ 24), suggesting a further reduction of DMS to MT (e.g. Lomans et al., 1999) . Mechanisms for the formation of MT in NEWPCP were discussed previously (Cheng et al., 2005) . Concentrations of MT were less than 100 mg/L and mostly less than 50 mg/L during this study. Therefore, such potential contributions were insignificant and the biogeochemical production of DMS from DMSO was the principal mechanism that caused the nuisance "canned corn" DMS odour problem at the NEWPCP.
Conclusions
The reduction of DMSO (dimethyl sulphoxide) that was discharged from an industrial chemical facility to the sewer was the cause of a nuisance "canned corn" VOS (volatile organic sulphide) odour in the NEWPCP due to the formation of dimethyl sulphide (DMS). The DMS formation appeared in the NEWPCP approximately 1.5 hours after the DMSO discharge from the chemical facility. Both the biological aeration and primary sedimentation tanks were major treatment units where DMS was produced; however, DMS was also produced in all the other treatment units during the DMSO discharge. The VOS was largely composed of DMS (.90%) in the NEWPCP, which rose up to , 6,000 mg/L in the primary sedimentation influent stream and , 3,000 mg/L in the return activated sludge. DMS partial pressure was between 0.03 and 0.18 23 atm in ambient air of the NEWPCP, during the DMSO discharges from the chemical facility.
